Interleukin (IL)-1β is a member of the IL-1 family of proteins. IL-1 receptor antagonist (IL-1RA) is an agent that binds to the IL-1 receptor, preventing IL-1 from transmitting signals to cells. The present study aimed to identify the role of the IL-1β/1RA axis in epithelial-mesenchymal transition (EMT), cell invasion, migration, proliferation and clone formation in colorectal cancer (CRC) and to determine its underlying mechanisms of action. Significantly increased expression of both IL-1β and IL-1RA was identified in CRC patient data uploaded in The Cancer Genome Atlas database, and in tumor tissues when compared with matched control tissue. High expression of IL-1β was associated with an increased rate of overall survival and recurrence-free survival. Further research revealed that the IL-1β gene was co-expressed with the IL-1RA gene in tumors of CRC patients. It was additionally determined that recombinant human (rh)IL-1β suppressed autophagy as well as EMT in HCT-116 cells compared with control-treated cells, whereas rhIL-1RA exhibited the opposite effect. In addition, autophagy activator rapamycin (RAPA) rescued the inhibition of EMT in rhIL-1β-treated HCT-116 cells. Moreover, rhIL-1β inhibited cell invasion, migration, proliferation and colony-formation ability, when compared with a control treatment. Compared with a control treatment rhIL-1RA promoted cell invasion, migration, proliferation, but had no effect on clone formation ability. Furthermore, both rhIL-1RA and RAPA rescued inhibition of cell invasion, migration and clone formation ability in rhIL-1β-treated HCT-116 cells. RAPA, but not rhIL-1RA, rescue inhibited proliferation in rhIL-1β-treated HCT-116 cells compared with controls. In addition, it was confirmed that rhIL-1β inhibited the growth of subcutaneous xenografts in nude mice, when compared with control treatments. These results indicated that upregulation of the IL-1β/1RA axis in CRC regulated EMT, cell invasion and migration, proliferation and clone formation via autophagy.
Introduction
Chronic inflammation promotes the development, growth and metastasis of cancer. Acute inflammation, if not controlled develops into chronic inflammation, which may increase the risk of cancer. Epidemiological studies have confirmed that 25% of tumors are developed from inflammation (1) . Patients with the inflammatory autoimmune disease ulcerative colitis are 10 times more likely to develop colon cancer than healthy individuals (2) .
The accumulation of inflammatory cells and inflammatory cytokines in the tumor microenvironment promotes malignant cell proliferation, metastasis and epithelial-mesenchymal transition (EMT), and can lead to the loss of the acquired immune response (3) . The majority of cytokines are low molecular weight soluble proteins, which have many functions, such as regulating cell growth, hematopoiesis and the immune response and repairing damaged tissues (4) . Cytokines can be divided into lymphokines, produced by lymphocytes, and mononuclear factors, produced by mononuclear macrophages. Interleukins (ILs), interferons, colony stimulating factors, tumor necrosis factors and transforming growth factors are all cytokines produced by immune cells, which play important regulatory roles in the immune system and can lead to pathological reactions when expressed at altered levels.
IL-1β is a member of the IL-1 family of cytokines. IL-1β is produced by activated macrophages as a proprotein, which is proteolytically processed to its active form by caspase-1 (CASP1). CASP1 is an important mediator of the inflammatory response, and is involved in a variety of cellular activities, including cell proliferation, differentiation and apoptosis (5) . A number of studies have determined that IL-1β also plays an important role in the occurrence and development of tumors. In breast cancer, IL-1β induces EMT and promotes disease relapse (6) . In gastric cancer, IL-1β-induced p38 pathway activation promoted cell invasion and migration via increased matrix metalloproteinase (MMP)2 and MMP9 expression (7) . In addition, IL-1 receptor antagonist (IL-1RA) is an agent that binds to the cell surface IL-1 receptor (IL-1R), the same receptor that binds to IL-1 family members, preventing IL-1 from sending a signal to cells. A previous study suggested that serum concentrations of IL-1RA in colorectal cancer (CRC) patients were significantly higher than those in healthy patients, however, the specific role of IL-1RA in CRC has not been clarified (8) .
In the present study, recombinant human (rh)IL-1β and rhIL-1RA were used to study the role of IL-1β and IL-1RA in CRC.
Materials and methods
Patients and specimens. CRC tumor specimens and paired non-tumor mucosa were collected between July 2012 and July 2018. Patients with the following criteria were excluded from participation in the study: i) The patient had received adjuvant chemotherapy or radiotherapy prior to surgery; ii) the patient had additional cancer diagnoses. All patients were classified according to the 7th edition of the TNM staging system 23. Postoperative adjuvant therapies were performed, according to standard schedules and doses. All participating patients provided their written informed consent. This study was approved by the Ethical Committee of Shanghai Pudong Hospital. Patient details are summarized in Table I. TCGA database and analysis. TCGA-Colon Adenocarcinoma (https://cancergenome.nih.gov/) contains 480 colon cancer cases and 41 normal control cases, accompanied with clinical characteristics. All mRNA expression data accompanied by clinical data was downloaded by R-software for subsequent analysis. The expression of IL-1β and IL-1RA in CRC were analyzed by UALCAN web tools based on the TCGA database (9) (http://ualcan.path.uab.edu/). Co-expression, overall survival (OS) and recurrence-free survival (RFS) of IL-1β and IL-1RA genes were identified via GEPIA web tools based on TCGA database (10) (http://gepia.cancer-pku.cn/). Immunohistochemical (IHC) staining. IHC staining was carried out according to the antibody manufacturers' instructions. Briefly, formalin-fixed and paraffin-embedded tissue sections were deparaffinized in xylene and hydrated with decreasing concentrations of ethanol (100, 95, 80 and 75%). The slices were then soaked in 10% BSA to inhibit endogenous peroxidase activity and incubated with IL-1β and IL-1RA rabbit polyclonal antibody (dilution 1:100; cat. nos. AF-201 and AF-280; R&D Systems, Inc.) at 4˚C overnight. A horseradish peroxidase-conjugated rabbit secondary antibody (cat. no. ab6721; Abcam) was added for 60 min at room temperature; then, 3,3'-diaminobenzidine development (DAB Substrate Chromogen System; Dako; Agilent Technologies, Inc.) and hematoxylin staining were performed according to standard protocols. Slides were fixed via neutral gum for ~1 min at room temperature and images were obtained using an Olympus IX71 inverted microscope with a DP2-BSW Olympus image acquisition software system (Olympus Corp.).
Cell line and reagents. The human CRC cell line HCT116 was purchased from the University of Colorado Cancer Center Cell Bank and cultured in RPMI-1640 medium supplemented with 10% FBS (Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C in a 5% CO 2 atmosphere. Cells were digested and passaged when cell confluence reached 80%. Recombinant human (rh) Table II . The comparative cycle threshold values method (2 -ΔΔCq ) was used to analyze the final results (11) .
Cell proliferation assay. For this assay, 5x10 3 HCT 116 cells were seeded into 96-well plates and incubated for the following time-points: 0, 24, 48 and 72 h. Before determination, 10 µl of Cell-Counting kit-8 (CCk-8; Dojindo Molecular Technologies, Inc.) solution was added to each well of the plate, and the incubation was continued for 2 h. Finally, the absorbance of each well was measured at a 450 nm wavelength.
Clone formation test. For this assay, 500 HCT 116 cells were seeded into each well of 6-well plates and incubated at 37˚C. Clone size was observed under an ZEISS Axiovert 40 inverted microscope (Carl Zeiss AG; magnification, x200) every day until the number of cells in most wells was more than 50. The medium was then removed and cells were stained with 0.2% crystal violet for 30 min. The cells were washed three times with PBS, then images were acquired and clones were counted. The ratio of clone formation was calculated following the equation: Ratio of clone formation (%) = clone number/500 x100%.
Flow cytometry. A total of 2x10 5 HCT 116 cells were harvested and washed with PBS 3 times. The samples were then resuspended in 100 µl binding buffer and stained with 5 µl of Annexin V and propidium iodide (PI) for 20 min at room temperature in the dark. Subsequent to staining, an additional 400 µl binding buffer was added to the sample and resuspended. Analyses were performed with flow cytometry (BD Biosciences).
Cell migration and invasion assays. Cell migration and invasion were analyzed using Transwell plates (24-well insert; 8 µm pore size; BD Biosciences). The filters (Corning, Inc.) were coated with Matrigel for invasion assays and uncoated for migration assays. A total of 55 µl Matrigel suspended in PBS was used to coat the plates (1:8 dilution; BD Biosciences). For the migration assays, 5x10 4 HCT116 cells were suspended in 200 µl of serum-free medium and seeded into the upper chambers of the Transwells. A 600-µl volume of medium containing 10% FBS was then added to the lower chamber as a chemoattractant. After incubation at 37˚C for 24 h, the membranes were control (NC) group (n=8). HCT-116 cells (5x10 6 ) suspended in 100 µl PBS were injected subcutaneously from the axilla of each nude mouse. After 2 weeks, the rhIL-1β group were treated with 1 µg rhIL-1β dissolved in 100 µl normal saline via intraperitoneal injection (once every two days, for 14 days); while, the NC group was treated with 100 µl normal saline as a placebo. The long (L) and short (S) diameter of the tumors were measured with a Vernier caliper every 3 days (tumor volume = LxS 2 /2). The growth curve of subcutaneous tumors was plotted based on the measured tumor volume. All mice were euthanized 2 weeks after treatment by injection of excessive 2% sodium pentobarbital, followed with rapid cervical vertebra dislocation.
Statistical analysis. SPSS software (version 19.0, IBM Corp.) was used for statistical analysis of all experimental data. GraphPad Prism (version 7; GraphPad Software, Inc.) was used to determine the statistical results. All data are expressed as the mean ± standard deviation. Statistical analysis of data from 2 groups was performed using a t-test. The comparison between multiple groups was performed using one-way ANOVA and then an LSD test. P<0.05 was considered to indicate a statistically significant difference.
Results
IL-1β and IL-1RA are upregulated in CRC and are associated with an increased rate of overall survival (OS). The expression of IL-1β and IL-1RA in CRC were analyzed by UALCAN web tools based on the TCGA database, and significantly higher levels of both IL-1β and IL-1RA were observed in CRC tumor tissue compared with normal mucosa (9) (http://ualcan.path. uab.edu/; Fig. 1A ). Significant co-expression between IL-1β and IL-1RA genes was identified via GEPIA web tools based on TCGA database (10) (http://gepia.cancer-pku.cn/; Fig. 1B ). Additionally, western blotting (Fig. 1C ) and IHC (Fig. 1D ) were performed to determine the protein expression levels, and the results indicated that both IL-1β and IL-1RA were increased in CRC compared with paired non-tumor mucosa. Collectively, these data indicated increased expression of IL-1β and IL-1RA in tumor tissues at both the mRNA and protein levels. To explore the clinical significance of increased IL-1β expression in CRC, the GEPIA tool was used to analyze OS and recurrence-free survival (RFS) rates in CRC patients based on the TCGA database. Increased expression of IL-1β was associated with an increased rate of OS and RFS (Fig. 1E) The IL-1β/IL1RA axis regulates EMT via autophagy in vitro.
Western blotting and RT-qPCR were performed to determine the expression levels of several EMT-associated markers ( Fig. 2A ). rhIL-1β increased the expression of E-cadherin, whereas it reduced the expression of N-cadherin, vimentin and Snail. rhIL-1RA revealed the opposite effect in EMT markers compared with rhIL-1β; while, rhIL-1RA rescued the increased expression of E-cadherin and reduced expression of N-cadherin, vimentin and Snail in the rhIL-1β-treated group. These results indicated that rhIL-1β inhibited EMT whereas rhIL-1RA induced EMT in HCT-116 cells. The levels of several key autophagy-associated markers in each group were also determined (Fig. 2B ). rhIL-1β increased the expression of p62 and decreased the ratio of LC3 II/I, expression of cysteine protease ATG4b (ATG4b), ubiquitin-like modifier-activating enzyme ATG7 (ATG7) and Beclin1. rhIL-1RA revealed the opposite effect on autophagy markers when compared with rhIL-1β; while, rhIL-1RA rescued the increased expression of p62 and reduced ratio of LC3 II/I, expression of ATG4b, ATG7, VSP34 and beclin1. These results indicated that rhIL-1β inhibited autophagy whereas rhIL-1RA induced autophagy in HCT-116 cells. To study the association between rhIL-1β/1RA-regulated autophagy and EMT, autophagy activator RAPA (5 mM for 48 h) was used to treat the rhIL-1β group. It was revealed that RAPA significantly rescued increased expression of E-cadherin and reduced expression of N-cadherin, vimentin and Snail in the rhIL-1β group compared with levels in mice untreated with RAPA. These results indicated that IL-1β/IL-1RA regulated EMT via autophagy. 
IL-1β inhibits cell migration and invasion.
Transwell assays were performed to assess the impact of IL-1β and IL-1RA on cell invasion and migration. In the invasion assay, rhIL-1β treatment decreased the invasion ability of HCT-116 cells, whereas rhIL-1RA increased the invasion ability compared with the NC group. Both rhIL-1RA and RAPA could rescue this invasion ability in the rhIL-1β group (Fig. 3A) . Migration assays exhibited similar results to the invasion assay (Fig. 3B) . Furthermore, the migratory ability of each group was also confirmed by wound healing assay. rhIL-1β increased the wound area in HCT-116 cells compared with the control cells, whereas rhIL-1RA decreased it. Both rhIL-1RA and RAPA treatment decreased the wound area in the rhIL-1β group compared with control treatments (Fig. 3C ).
IL-1β reduces cell proliferation and clone formation ability and promotes cell apoptosis. Clone formation assays and a
CCk-8 assay were performed to assess clone formation ability and proliferation in each group. rhIL-1β reduced clone formation in HCT-116 cells compared to untreated cells, whereas rhIL-1RA treatment exhibited no effect. In addition, both rhIL-1RA and RAPA could rescue inhibited clone formation in the rhIL-1β-treated group (Fig. 4A ). Furthermore, rhIL-1β inhibited proliferation of HCT-116 at 48 h and 72 h compared with the control treatment; whereas rhIL-1RA promoted proliferation of HCT-116 cells at 72 h compared with the control treatment. RAPA could rescue inhibited proliferation in the rhIL-1β group, whereas rhIL-1RA exhibited no effect (Fig. 4B ). Flow cytometry was performed to assess cell apoptosis in each group. rhIL-1β treatment (51.97±1.73%) promoted apoptosis of HCT-116 cells compared with the control treatment (27.19±0.33%), whereas rhIL-1RA exhibited no effect (25.56±0.09%). In addition, both rhIL-1RA (28.3±0.24%) and RAPA (27.09±0.24%) could rescue the increase in apoptosis observed in the rhIL-1β group (Fig. 4C ).
IL-1β inhibits growth of subcutaneous xenografts in nude mice.
To demonstrate the effect of rhIL-1β in vivo, subcutaneous xenografts were injected into nude mice. A total of 1 µg rhIL-1β was administered intraperitoneally (once per two days) and the results revealed that it significantly inhibited the growth of xenografts between day 5 and 15 ( Fig. 5A and B ). In addition, rhIL-1β exhibited no effect on mouse weight, health, food intake, sleep and activity compared with control treatment (Fig. 5C ). 
Discussion
The tumor microenvironment is the area between tumor cells and adjacent normal tissues. Its components include extracellular matrix, soluble molecules and tumor stromal cells. Once the tumor microenvironment is formed, numerous immune cells, such as T cells, macrophages are chemotactically drawn to this point (12) . In addition to cellular factors, the molecules in the tumor microenvironment include extracellular matrix molecules, cytokines and chemokines. Cells and molecules in the tumor microenvironment are dynamic, reflecting the essence of tumor microenvironment evolution, and the final outcome is that a large number of immunosuppressive cells such as myeloid-derived suppressor cells aggregate in the tumor microenvironment to regulate immune escape, growth and metastasis of the tumor (13) .
In the present study expression of IL-1β was assessed in CRC patients and a significant increase was observed when compared with normal tissues. In previous research of other tumors, IL-1β was associated with metastasis and induction of EMT (7) . It was hypothesized that IL-1β would play a tumorigenic role in CRC. However, analysis found higher expression of IL-1β was associated with better OS and RFS, indicating a beneficial role in CRC. Significant co-expression between IL-1β and IL-1RA was also observed, indicating a possible interaction between them.
The regulation of EMT by rhIL-1β was studied as was demonstrated to have an activation effect in breast cancer (6) .
Notably, 100 nM rhIL-1β for 48 h significantly inhibited EMT, in contrast with the results of a previous study in breast cancer. In addition, rhIL-1RA induced EMT and rescued inhibition of EMT by rhIL-1β. Autophagy is one of the main regulatory mechanisms of EMT. Long non-coding RNA CPS1-IT may suppress metastasis and EMT by inhibiting hypoxia-induced autophagy through inactivation of hypoxia inducible factor-1α in CRC (14) . In the present study levels of several key markers of autophagy were determined, and the results indicated that rhIL-1β inhibited autophagy in CRC, whereas rhIL-1RA activated autophagy. Furthermore, autophagy activator RAPA significantly rescued inhibited autophagy in the rhIL-1β group. Collectively, these results indicated that IL-1β inhibited EMT in vitro via inhibition of autophagy; while, IL-1RA induced EMT in vitro via activation of autophagy. EMT is an important process for tumors to acquire invasiveness, and autophagy had also been demonstrated to promote invasion and metastasis (15, 16) . Autophagy is a process of phagocytosis of cytoplasmic proteins or organelles into vesicles and fusion with lysosomes to form autophagic lysosomes, which degrade the contents of the lysosomes, thereby realizing the metabolic needs of the cells themselves and leading to the renewal of some organelles. Many malignant tumors are positively or negatively correlated with autophagy in many stages of occurrence, development and metastasis (17, 18) .
Transwell assays and wound healing assay were performed to assess cell invasion and migration. As anticipated, rhIL-1β significantly decreased cell invasion and migration and rhIL-1RA promoted invasion and migration. In addition, both rhIL-1RA and RAPA exhibited a similar rescue effect of inhibited invasion and migration abilities in the rhIL-1β treated group. These data indicated that the IL-1β/1RA axis regulated EMT via autophagy. In addition, rhIL-1β decreased clone formation ability in comparison with the control treatment, whereas rhIL-1RA exhibited no effect. In addition, both rhIL-1RA and RAPA could rescue inhibited clone formation ability in the rhIL-1β group. Furthermore, rhIL-1β inhibited proliferation of HCT-116 cells after 48 h, whereas rhIL-1RA promoted proliferation of HCT-116 cells after 72 h. RAPA could rescue inhibited proliferation in the rhIL-1β group, whereas rhIL-1RA exhibited no effect. In addition, rhIL-1β promoted apoptosis of HCT-116 cells, whereas rhIL-1RA exhibited no effect. Both rhIL-1RA and RAPA could rescue the increase of apoptosis in rhIL-1β group. These results indicated IL-1β-1RA autophagy-regulated clone formation, cell proliferation and apoptosis may be a complex process.
Finally, the therapeutic effect of rhIL-1β was assessed in vivo. rhIL-1β treatment significantly inhibited the growth of xenografts between 5 and 15 days compared with the control treatment, with no effect on general health status.
A limitation of the present study was that our research was performed only in HCT-116 cells, and more CRC cell lines remain to be investigated. We will further investigate the specific mechanism of the IL-1β-1RA-autophagy axis in more CRC cell lines as well as other tumors.
In conclusion, IL-1β and IL-1RA were highly expressed in CRC patients. The IL-1β/1RA axis was revealed to regulate EMT, cell invasion, migration, clone formation, proliferation and apoptosis in vitro via autophagy. In addition, IL-1β also inhibited the growth of xenografts in vivo, and may be suitable as a new therapeutic drug for CRC patients.
